CAP70 contained an open reading frame of 519 amino kidney and small intestine, a dense staining of CAP70 was colocalized along the brush border (apical memacids with a predicted molecular mass of 56 kDa. The deduced mouse CAP70 (mCAP70) amino acid sequence brane domains) as revealed by the rhodamine-conjugated phloidin staining (Figure 2c , panels A-F). In kidney, contained the two tryptic peptides, which confirmed that the two peptides were indeed derived from one protein the distribution of CAP70 was restricted mainly to the proximal tubules. The surrounding glomerulus and other (Figure 1c ). CAP70 protein comprises four PDZ domains, which are also known as GLGF repeats, or disks-large tubular structures did not contain a significant level of CAP70 (Figure 2c , panels A-C). In both tissue samples, homology repeats (DHRs) (see reviews by Kennedy, 1995 and Sheng, 1996) . PDZ domains belong to a family the staining could be abolished by antigen, i.e., the purified CAP70 (data not shown Figure 3b shows that PDZ1, PDZ3, and PDZ4 could be precipitated CFTR-Ct*), which eliminated the CAP70-CFTR interaction (data not shown), abolished the coprecipitation unby glutathione agarose beads with bound GST fusion of the CFTR C terminus (lanes 3), but not by GST beads der the same conditions ( Figure 3d, lower panel) . The data show that CAP70 is capable of nucleating a protein alone (lanes 2). The binding affinity (K D ) was measured by surface plasmon resonance (SPR) method using a complex that contains more than one CFTR C-terminal domain. The recruitment of CFTR into the complex resynthetic peptide (EEVQDTRL, C-peptide-TRL) corresponding to the last eight amino acids of CFTR and quires its ability to bind to CAP70. We also attempted the above experiment using differentially tagged fullthe purified GST fusion proteins of the individual PDZ domains (Figure 3a (Figure 3e) . CFTR-Ct in the presence of CAP70. Figure 3d shows that HA-CFTR-Ct was precipitated by an anti-GFP antibody To investigate the potential native association of 
CAP70 and CFTR, coimmunoprecipitation experiments
than CFTR. Consistent with this notion, the result revealed that CAP70 partially colocalized with CFTR in were performed using human airway epithelial cell line Calu-3, where functional expression of native CFTR was discrete small clusters in the peripheral region of the cell (Figure 3h ). The weaker staining signal of CFTR detected (e.g., Shen et al., 1994) and CAP70 protein was also found (Figure 3f ). The CFTR protein was detected presumably resulted from the anti-R domain antibody because anti-C terminus antibody, which recognizes the in the protein complex precipitated by anti-CAP70 antibody (Figure 3g ). In contrast, the CFTR protein was not same epitope as CAP70, is not useful for this study. Interestingly, CAP70-specific staining was also found in detectable using the preimmune serum. Furthermore, the signal of CFTR coimmunoprecipitated by antithe perinuclear region. In contrast, the CAP70 protein in native tissue was restricted to apical region ( Figure  CAP70 antibody could be competed by the purified recombinant CAP70. The efficiency of the antigenic 2c). These results suggest that the localization of CAP70 and possibly the association of CFTR with CAP70 are CAP70 competition was further enhanced when the CFTR binding sites in CAP70 were preblocked with exregulated in vivo. cess amounts of the C-peptide-TRL.
The localization of native CAP70 and CFTR was exam-
Potentiation of CFTR Channel Activity by CAP70
The functional effect of the CAP70 binding was examined using confocal microscopy of immunofluorescence stained primary culture derived from human bronchial ined by patch-clamp recording of the CFTR chloride channel activity using transiently transfected HEK293 epithelial cells. CAP70 is a protein that is more abundant cells. The CFTR current is PKA-and ATP-dependent the GST portion by thrombin cleavage (Figure 4a ). To test whether the recombinant CAP70 has any effect on and present only in transfected cells. The authenticity of the CFTR currents was further confirmed by the pharthe CFTR-mediated ion conducting activity, we studied the channel behavior using both single channel remacological behavior. The currents were insensitive to 4,4Ј-diisothiocyanostilbene-2,2Ј-disulfonic acid (DIDS) cording and macropatch recording techniques. Figure  4b shows a trace with typical CFTR characteristics, inbut could be inhibited by glybenclamide. The CAP70 used in this study was expressed in E. coli as a GST cluding linear current voltage relation, a 9.3 Ϯ 0.1 pS (n ϭ 19) conductance and the PKA-and ATP-dependent fusion and was purified to homogeneity after removing channel opening. In the absence of PKA and ATP, CAP70 nant CAP70, the CFTR channel was switched to a more active state, where both open probability (P o ) and mean alone was not sufficient to activate the channel and had no effect on membrane conductance (Figure 4b ). Under open time (MOT) increased in a dose-dependent manner (Figures 4f and 4g, closed squares) . The potentiation the inside-out macropatch configuration, application of CAP70 (40 nM) potentiated the CFTR chloride channel reached a maximum at 40 nM of CAP70. A higher concentration of CAP70 induced a decline from the maximal activity by nearly 60% (Figures 4c and 4d) . The maximal potentiation was usually achieved in less than 5 min potentiation, suggesting that the stoichiometry of the CAP70-CFTR complex plays a role in the optimal poten- (Figure 4c ). The potentiation was reversed within 2-3 min when the patched membrane was perfused with the tiation (see Figure 7 and Discussion). The CAP70-mediated potentiation was dependent on PKA and ATP. In competitive CFTR C-peptide.
To further characterize CAP70-mediated modulation, the presence of 200 nM of peptide, only C-peptide-TRL (EEVQDTRL), and not mutated C-peptide-TRA (EEVQDwe studied the CAP70's effects using single channel recording techniques. The open probability (P o ) of CFTR TRA), was able to abolish the CAP70-mediated potentiation, consistent with the results of the binding exchannel was typically 0.23 Ϯ 0.02 (n ϭ 19) in the presence of 0.5 mM ATP. Upon application of the recombiperiments (data not shown). In addition, amino acid substitution of the last residue leucine with alanine these possibilities, we tested the effect of a tandem PDZ3 domain protein (PDZ3-3) on CFTR channel activ-(L1480A) in CFTR, which abolishes the binding to CAP70, completely eliminated the CAP70-mediated poity. Figure 4f shows this tandem chimeric PDZ protein indeed exhibited the potentiation activity, which is contentiation (Figures 4f and 4g, closed circles) , suggesting that the potentiation requires a direct interaction besistent with the notion that bivalent binding is responsible for the potentiation. tween CAP70 and the CFTR C terminus.
Purified CAP70 even at 250 nM behaved as a monoTo directly test whether the bivalent binding is sufficient for the potentiation, we used a monoclonal antimer as tested by gel filtration chromatography (data not shown). Results from the binding studies (Figure 3) body that recognized the last four residues (DTRL-COOH) of CFTR. The bivalent binding by the antibody showed that there were three CFTR interacting PDZ domains present in CAP70. To test for which one and would bring two CFTR molecules in proximity, reminiscent of the bivalent binding ability of PDZ3-4 or PDZ3-3. how many interacting PDZ domains are necessary for the potentiation, the truncated CAP70 proteins corre- Figure 6a shows that this antibody, a completely unrelated protein to CAP70, could also potentiate the chansponding to PDZ1-2, PDZ2-3, PDZ3-4, and PDZ3 (Figure 5a) were expressed and purified to apparent nel activity (the lower trace). The antibody effects were abolished by competition of 100 nM of the C-peptidehomogeneity (Figure 5b) . These truncated proteins all displayed the ability to bind the C terminus of CFTR TRL (data not shown). A control monoclonal antibody (anti-HA tag) at the same concentration did not show (Figures 3a and 3b) . PDZ3, PDZ1-2, and PDZ2-3 each contain one CFTR binding site. When tested by excised any such effect (the upper trace). This result demonstrated that the bivalent binding activity is sufficient for inside-out patch recording, these truncated proteins were unable to induce any potentiation effect on the the potentiation, suggesting that CAP70 functions by modulating intermolecular CFTR-CFTR interaction. Such a CFTR channel (Figures 5c-5f, i) . In contrast, PDZ3-4, which contains two binding sites, displayed potentiation configuration of dimeric CFTR gives rise to more active channels when activated by PKA and ATP. activity similar to that induced by the full-length CAP70 (Figures 5g-5i) . These data showed that PDZ3-4 was sufficient to exert the potentiation activity. , 1998) . Because these structures are either partial or from nonparadigmatic transporters, the quaternary structure of mammalian ABC transporters remains largely unknown. Recent progress in low resolution structural studies has revealed images of purified multidrug resistant P-glycoprotein, suggesting that the monomeric form is sufficient for substrate binding and ATP hydrolysis (Rosenberg et al., 1997) .
Discussion
The CFTR protein regulates and is regulated by a variety of transporting processes. It has been speculated that the CFTR quaternary structure may also undergo dynamic changes. Thus, it is essential to determine the existence and organization of potential heteromeric and homomeric CFTR interactions with other functionally coupled proteins. Results consistent with possible homomeric CFTR-CFTR interaction include the finding that a tandem fusion of two CFTR coding sequences resulted in a functional channel which exhibited one single unitary conductance identical to that of CFTR (Zerhusen et al., 1999) . In addition, electron microscopy studies revealed that the CFTR channel on the cell surface has a size that is considerably larger than that of a monomer (Eskandari et al., 1998). The result has also led to the suggestion that imaged particles are CFTR dimers. In contrast, biochemical studies on purified or coimmunoprecipitated protein showed that the purified recombinant CFTR protein is consistent with the monomeric channel or an unstable oligomer nant protein complex is stable and remains in a stoichiometry identical to its native form (Li et al., 1994) .
The potentiation by recombinant CAP70 was depentration of CAP70 showed significantly reduced potentiadent on the bivalent binding ability and not on a specific tion (Figures 4f-4i) . The third prediction from this model potentiation region of CAP70. Thus, modulation of the is that a bivalent binding of two PDZ domains with intermolecular CFTR interaction is an attractive mechaequally high affinity would stabilize the CFTR-CFTR innism for the potentiation activity. Figure 7 shows a pro- teraction. Therefore, we should not observe the aforeposed model for the CAP70-mediated potentiation. This mentioned decline. Instead, the potentiation would model predicts that CFTR, in the absence of CAP70, reach a plateau phase with a less pronounced decline exists either as a monomer or as a transient dimer when phase even at higher concentrations. Consistent with activated by PKA and ATP. In the presence of CAP70, this prediction, the effect of the tandem PDZ protein of the formation of CAP70-(CFTR) 1 allows for a more effec-PDZ3-PDZ3 induced potentiation followed by a plateau tive association with an additional CFTR molecule bephase at higher concentrations (Figure 4f, open circles) . cause the bound CAP70 provides at least two possible
The binding affinity of PDZ3 is significantly higher than beneficial effects: (1) added affinity via either a PDZ1 or that of PDZ1 or PDZ4 (Figure 3a) . However, the concena PDZ4 association with another CFTR molecule, and (2) tration of PDZ3-PDZ3 required for the maximal potentiaimproved contact geometry between the two interacting tion was not significantly lower than that of CAP70 de-CFTR molecules. The CAP70-configured (CFTR) 2 comspite the expected higher affinity (avidity) to CFTR. This plex, when activated by PKA phosphorylation and agoinconsistency may be due to potential unfavorable connistic ATP, induces a more active CFTR channel. Thus, straints as a result of the chimeric construction. While the model also predicts that with an increasing CAP70 the mechanistic details by which CAP70 potentiates the concentration, the highest affinity PDZ3 domain begins CFTR channel require further investigation, it would be to dominate the binding. Under such conditions, alparticularly interesting to test the potential role of the though CAP70 remains in complex with CFTR, the bivaparallel contact geometry of two NBD2 domains as a lent CAP70-(CFTR) 2 configuration is less favorable. As result of CAP70 binding. a result, the potentiation by CAP70 will become less pronounced. Consistent with this model, a high concen-A single conductance pore was observed by expres- porter complexes that control and regulate their functional heterogeneity.
Coimmunoprecipitation
Calu-3 and transfected HEK293 cells were used for coimmunoprecipitation. Cells were washed twice with PBS and lysed in HNT Experimental Procedures lysis buffer as described above. The supernatant was collected after centrifugation of the lysate at 27,000 ϫ g for 1 min at 4ЊC and then Purification of CAPs and Molecular Cloning of CAP70s first incubated with the affinity-purified antibodies at 4ЊC for 1 hr, Mouse kidney extracts were prepared by homogenization in HNT and subsequently, incubated with 40 l of a 1:1 slurry of protein G buffer containing 20 mM HEPES-KOH (pH 7.5), 120 mM NaCl, 1% or protein A-Sepharose for 16 hr at 4ЊC. The protein A or G-antibody Triton X-100, 5 mM EDTA, 0.5 mM dithiothreitol (DTT), and a cocktail complex was spun down at 4000 ϫ g for 1 min. The beads were of protease inhibitors. The supernatant was collected after centrifuwashed once with HNT buffer, twice with HNT buffer supplemented gation of the lysate at 27,000 ϫ g for 15 min at 4ЊC and incubated with with 0.5 M NaCl, and three times with HNT buffer without Triton a GST or GST-CFTR fusion protein bound to glutathione-agarose X-100. To radioactively label the CFTR protein, the immunoprecipibeads. After gentle rotation for 1 hr at 4ЊC, the beads were washed tates were incubated for 1 hr at 30ЊC in 20 l of reaction mix conat 4ЊC, once with HNT buffer, twice with HNT buffer supplemented taining 50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 0.1 mg/ml BSA, 10 with 0.5 mM NaCl, and three times with HNT buffer without Triton Ci of [ 33 P]-␥ϪATP and 10 units of PKA (Sigma, MO). The beads X-100. Prior to SDS-polyacrylamide gel electrophoresis (PAGE), the were washed twice with HNT buffer. The bound material was eluted bound material was eluted with an SDS sample buffer. After electrowith the SDS sample buffer, then separated by SDS-PAGE. The phoretic transfer to the PVDF membrane, the membrane-bound proprecipitated CFTR signal was detected by either autoradiography teins were identified. The area corresponding to the CAP70 polyor immunoblot. peptide was collected and subjected to tryptic digestion. After purification by HPLC, peptide sequences were determined by microImmunohistochemistry and Confocal Microscopy sequencing (Wistar Institute, PA). The partial cDNA fragments were Immunofluorescence was performed on 10 m cryo-sections of identified from EST database with the peptide sequences. The fullmouse kidney and small intestines. Sections were fixed and stained length mCAP70 cDNA was cloned from a kidney cDNA library.
with affinity-purified antibodies according to the standard methods (Ausubel et al., 1993) . Confocal microscopy was performed on a Noran "OZ" confocal system and an Olympus inverted microscope Northern and Western Blots Northern blots containing 2 g of human mRNA from multiple tissues using an Olympus 60ϫ or 100ϫ oil immersion objective lens. Doublestained specimens were excited at 488 nm (FITC) and 568 nm (Rho-(Origene Technologies Inc., MD) were hybridized under high stringency with a 32 P-labeled probe made with the coding sequence of damine) using a Kr/Ar laser with FITC-narrow and rhodamine-narrow
